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Introduction
Dental caries remains one of the most common diseases afflicting humans throughout the world. Streptococcus mutans (S. mutans) is generally regarded as the primary etiologic agent of dental caries 1) . This bacterium can produce large amounts of extracellular polysaccharides (EPS) and high levels of lactic acid following fermentation of dietary sugars, and are resistant to the adverse effects of low pH 1) . Although recent studies have shown that a large proportion of the S. mutans genome is required for acid tolerance [2] [3] [4] , the F-ATPase is usually considerded as one of the key components of the acid tolerance response [5] [6] [7] .
Proton permeability is an important factor permitting cells to maintain the proton-motive force (PMF) for vital energy transducing processes. PMF is essential for S. mutans activity.
In addition to its high-affinity phosphotransferase sugar transport system, S. mutans has a second, low-affinity sugar uptake system which is activated by PMF 8) .
Fluoride in various preparations plays a pivotal role in caries prevention 9) . Fluoride exerts its anticaries effects through multiple mechanisms of action. Its major effect may be on tooth mineral, resulting in reduced demineralization and promoting remineralization. Many studies have also shown that antimicrobial actions of fluoride are no less important than its effects on tooth mineral. In S. mutans, it can inhibit a variety of enzymes including F-ATPase and the glycolytic enzyme enolase either by acting directly or by acting as a proton conductor, dissipating pmf and resulting in acidification of the cell interior 10) .
However, fluoride does not provide complete protection against dental caries 11) . It is generally accepted that the effectiveness of fluoride could be enhanced when combined with additional cariostatic agents 12) . It is well known that ethanol attacks nucleic acids, lipid bilayers, and proteins of the cell and impairs its multiple functions in bacteria 13) . Although it is highly probable that ethanol may affect the viability of S. mutans, no experiments have yet been performed to elucidate the anticaries effect of ethanol.
The aims of this research are twofold: (i) to study the effects of the combined use of fluoride and very low ethanol (10 mM; 0.058% (v/v)) on the F-ATPase activity and the proton permeability of S. mutans under pH stress and (ii) to examine the pH-dependent differences in the F-ATPase activity and the proton permeability between ethanol-treated and -untreated groups.
Materials and Methods
Materials
S. mutans UA159 (#700610) was purchased from ATCC (Manassas, VA, USA), and Brain Heart Infusion (BHI) medium .
Proton flux assay
The proton permeability was assessed using the procedure described previously 15) . Cells were harvested by centrifugation and washed in 5 mM MgCl 2 . They were suspended at a cell density of 5 mg/ml in 20 mM potassium phosphate buffer 
Statistical analysis
The data are presented as the mean±standard error of the mean (SEM). Student's t-test was performed to determine the significant difference. Univariate analysis of variance (ANCO-VA) was conducted to test the effect of ethanol. Values were considered statistically significant when P-value was <0.05.
The statistical analyses were performed using IBM SPSS Statistics 23 (SPSS Inc., Chicago, IL, USA).
Results

pH-dependent growth of S. mutans UA159
First of all, we compared the growth rates of bacteria cultured under pH stress. Because S. mutans multiplies by binary fission, we used the base 2 logarithm in order to calculate the doubling time (T). Compared to controls, the growth rates were reduced for bacteria adapted to either 10 mM ethanol, 2.5 ppm F -, or 2.5 ppm F -and 10 mM ethanol (Fig. 1) . The effects of the combined use of fluoride and ethanol were the largest at pH 4.8. In the presence of 2.5 ppm F -and 10 mM ethanol, the growth rate was reduced from 0.008 to 0.003
, with the value of T increased from 123 to 303 min.
pH-dependent effects on the F-ATPase activities
At all pHs, fluoride inhibited the F-ATPase activity in a concentration-dependent manner (Fig. 2, left panels) . The inhibitory effect of fluoride was the largest at pH 4.8. In the presence of 10 mM ethanol, similar results were obtained except for a slight decrease in the values (Fig. 2, right panels) .
3. pH-dependent effects on proton permeability Fig. 3 shows that, following the initial pH pulse, the pH of the cell suspension started to gradually increase as a consequence of cellular proton uptake. Fluoride dose-dependently increased proton permeability at all pHs, but the largest effect was observed at pH 4.8. We assume that the decreased proton efflux due to the decreased F-ATPase activity resulted in an increase in the proton permeability.
pH-dependent effects of ethanol
Although similar results were obtained in the presence of 10 mM ethanol, Figs. 2 and 3 show slight differences in the values of ethanol-treated (right panels) and -untreated (left panels) groups. Hence, we tested for statistical significance of the difference using ANCOVA adjusted for time and fluoride concentrations ( Table 1 ). Only at pH 4.8, the addition of 10 mM ethanol enhanced the fluoride action not only on the FATPase activity but also on the proton permeability.
Discussion
We demonstrated that a very low concentration (10 mM;
0.058%(v/v)) of ethanol enhanced not only the inhibitory ac-
tion of fluoride on the F-ATPase activity but also the stimulatory action of fluoride on proton permeability in S. mutans. These effects of ethanol were observed only at pH 4.8. This
indicates that the anticaries effect of fluoride on S. mutans may be potentiated by the addition of ethanol, especially at acidic pH.
Although a variety of efforts have been made to enhance the fluoride action, many of them are focused on the reduction of the EPS matrix 16, 17) . We believe that better preparations .
In the present study, ethanol enhanced the inhibitory effect of fluoride on S. mutans even at a very low concentration where ethanol is not likely to exert its membrane fluidizing action. It seems likely that ethanol alone may exert its inhibitory effect on proton permeability of S. mutans at higher concentrations. It may be that not only the decreased proton efflux due to the decreased F-ATPase activity but also the increased proton influx due to the increased cytoplasmic membrane fluidity results in alterations of proton permeability.
Further experimentation is required to prove this.
We expect that our results may lead to the development of better anticaries preparations. Ethanol has been added to mouthrinses as an inactive ingredient that acts as a carrier for with alcohol problems 19) , ethanol has a number of advantages if not swallowed and if the concentration is not high.
For external use, it is user-friendly, non-allergenic, nontoxic, only minimally irritant, non-aggressive or corrosive 20) . It may be desirable if combining low concentrations of ethanol can reduce the effective concentrations of fluoride and/or other anticaries agents.
Ethanol might influence S. mutans viability or, at least, be used as an adjunct to fluoride dentifrices and/or anticaries mouthrinses. However, it should be pointed out that we used S. mutans in suspensions. More convincing results can be obtained using S. mutans in biofilms.
Conclusions
Only at pH 4. 
